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1. Introduction {#s0005}
===============

High temperatures have garnered considerable attention in Europe and the US because of their short-term adverse health impacts. Increased mortality, emergency room visits, and hospital admissions worldwide have been associated with vulnerable populations exposed to heat waves ([@bb0020], [@bb0120], [@bb0220]). However, several studies reported that the adverse health effects of cold temperatures may be more significant than those of high temperatures in Spain, Canada, Shanghai, and Taiwan ([@bb0080], [@bb0145], [@bb0160], [@bb0165], [@bb0255]). Mortality risk associated with low temperatures is likely underestimated when studies fail to address the prolonged effect of low temperature ([@bb0165], [@bb0180]).

Ambient temperatures, including mean, maximum, and minimum temperatures, are usually used to assess temperature-related adverse health effects ([@bb0100], [@bb0170], [@bb0175]). However, other weather variables, such as relative humidity (RH), wind speed (WS), and water vapor pressure may also affect human perceptions of ambient temperature. The cold effect is most severe when accompanied by strong winds ([@bb0125]). Therefore, composite indices, including the temperature humidity index (THI), wind chill index (WCI) ([@bb0130], [@bb0265]), apparent temperature (AT) ([@bb0015], [@bb0060]), effective temperature (ET) ([@bb0080], [@bb0085]) and net effective temperature (NET) ([@bb0080], [@bb0140]), have been applied to evaluate health risks associated with cold spells or low temperatures. However, few studies have focused on the cold effect in subtropical areas and its relationship to cold-temperature indices ([@bb0080]).

Previous studies have indicated that the effect of cold temperatures on morbidity and mortality varies by the physical environment. [@bb0260] reported that no significant association exists between maximum apparent temperature and hospital admissions for respiratory, cardiovascular, and cerebrovascular diseases in Denmark ([@bb0260]). Multicity studies reported the cold effects were most significant in warm regions (1997; [@bb0135], [@bb0255]) or areas with moderate winter climates ([@bb0065]). Residents in warm regions have less physical, social, and behavioral adaptations to low temperatures. Residing in a subtropical area with high temperatures and high humidity, the population in Taiwan is more susceptible to low temperatures than to high temperatures ([@bb0055], [@bb0145], [@bb0255], [@bb0270], [@bb0285]). Therefore, this study aimed to identify cold-temperature indices appropriate to evaluate the association between temperature and health events in Taiwan. This study reported the cumulative relative risks for mortality and outpatient visits of all causes and cardiopulmonary diseases associated with eight standardized cold-temperature indices---average, maximum, and minimum temperatures, and THI, WCI, AT, ET, and NET.

2. Materials and methods {#s0010}
========================

2.1. Study setting {#s0015}
------------------

We obtained vital statistics from the Department of Health, Taiwan, universal health insurance claims from the National Health Research Institutes, daily meteorological data from the Central Weather Bureau, Taiwan, and daily air pollution data from Taiwan Environmental Protection Administration, for the period between 2000 and 2008. Representative data of the study population, climate and air pollution in Taiwan were extracted for three major metropolitan areas: Taipei (Taipei City and New Taipei City); Central Taiwan (Taichung, Zhanghua and Nantou); and Southern Taiwan (Kaohsiung and Pingtung), which accounted for 63.7% of Taiwan\'s total population.

Daily area-specific deaths from all causes (ICD9 000-999), Circulatory diseases (ICD9 390-459), and respiratory diseases (ICD9 460-519), as defined by the *9th Revision* of the *International Classification of Diseases* (ICD9), were compiled for analysis.

The National Health Research Institutes has established a database with insurance claims data for a representative cohort of one million residents, representing all insured residents in Taiwan ([@bb0245]). Diseases were also coded according to the 9th revision of the International Classification of Diseases with Clinical Modification (ICD9 CM). Daily area-specific outpatient visits for all causes (ICD9 CM 000-999), circulatory (ICD9 CM 390-459), and respiratory (ICD9 CM 460-519) diseases were retrieved from these electronic records.

The Central Weather Bureau provided us the hourly surface weather records (*i.e.*, average, maximum, and minimum temperatures, RH, dew-point temperature, water vapor pressure, and WS), available at 3, 4 and 4 stations in Taipei, Central Taiwan, and Southern Taiwan, respectively ([@bb0235]). The Taiwan Air Quality Monitoring Network established by the Taiwan Environmental Protection Administration has accumulated also hourly data of 74 stationary monitoring stations distributed throughout the island since 1993 ([@bb0240]). Concentrations of ambient air pollutants, such as particulate matter less than 10 μm in aerodynamic diameter (PM~10~), nitrogen dioxide (NO~2~), and ozone (O~3~) were available from all stations. This study estimated the daily average values of PM~10~, O~3~, and NO~2~ available from 14, 10, and 13 general air quality stations in Taipei, Central Taiwan, and Southern Taiwan, respectively. A previous study reported the detailed locations of the ambient environment monitoring stations ([@bb0150]). The hourly records were used to estimate the area-specific daily ambient environment status.

2.2. Cold-temperature indices {#s0020}
-----------------------------

This study evaluates eight cold-temperature indices, including single temperature measurements and composite indices, which have been widely used in studies of the association between temperature and health. [Table 1](#t0005){ref-type="table"} describes these indices in detail. Briefly, average, maximum, and minimum temperatures were recorded to represent current daily ambient temperatures. The WCI, based on ambient temperature and WS, was used to evaluate the combined effect of temperature and wind, especially during the cold seasons ([@bb0210]). Wind draws heat away from the exposed body, making exposed people feel cold ([@bb0225]). To assess temperature exposure for humans, Taiwan Central Weather Bureau adopts the THI ([@bb0205]), which resembles the thermal discomfort index developed by the US Weather Bureau, and widely used in Europe ([@bb0200]). The AT, which defines human thermal comfort, can be combined with temperature, atmospheric pressure and WS into one indicator ([@bb0230]). The ET encompasses air temperature and RH that has been applied as a biometeorological index of man\'s thermal discomfort ([@bb0085], [@bb0110]). The NET uses temperature, RH, and WS as a cooling indicator ([@bb0140]).Table 1Summary of the single and composite cold-temperature indices used in this study.Index nameAbbreviationVariables usedEquation/definitionDaily average temperatureTavg.Air temperature (°C)Daily 24 hour averageDaily maximum temperatureTmax.Air temperature (°C)The maximum hourly temperature in a dayDaily minimum temperatureTmin.Air temperature (°C)The minimum hourly temperature in a dayTemperature humidity index ([@bb0205])THI1. T: air temperature (°C)${THI} = T - 0.55 \times \left\lbrack {1 - \frac{\operatorname{EXP}\left( \frac{17.269 \times t_{b}}{t_{b} + 273} \right)}{\operatorname{EXP}\left( \frac{17.269 \times T}{T + 273} \right)}} \right\rbrack \times \left( {T - 14} \right)$2. t~b~: dew point temperature (°C)Wind chill index([@bb0195])WCI1.T: air temperature (°C)WCI = 13.12 + 0.6215T - 11.37vh^0.16^ + 0.3965T · vh^0.16^2.vh: wind speed (km/h)Apparent temperature ([@bb0230])AT1. T: air temperature (°C)AT = − 2.7 + 1.04 × T + 2e − (0.65v)2. e: water vapor pressure (KPa)3. v: wind speed (m/s)Effective temperature ([@bb0085])ET1.T: ambient temperature (°C)ET = T − 0.4(T − 10)(1 − 0.01H)2. H: relative humidity (%)Net effective temperature ([@bb0140])NET1.T: ambient temperature (°C)${NET} = 37 - \frac{37 - T}{0.68 - 0.0014H + \left( {1.76 + 1.4v^{0.75}} \right)^{- 1}} - 0.29T\left( {1 - 0.01H} \right)$2. H: relative humidity (%)3. v: wind speed (m/s)

2.3. Statistical analysis {#s0025}
-------------------------

We used the locally weighted least square regression smoother (LOESS) to assess each cold-temperature index (original measurements and their standardized values---Z score) for associations with cause-specific mortality and outpatient visits at a 5-day lag. The span was set to 1, and degree was set to 2. The study area (c)-specific cold-temperature index *X* ~*i*,*t*~ ^*c*^ (*i*  = 1--8 for eight different cold-temperature indices) on day (*t*) was transformed into a standardized value (*Z* ~*i*,*t*~ ^*c*^) using the following equation:$$Z_{i,t}^{c} = \frac{X_{i,t}^{c} - \mu_{i}^{c}}{\sigma_{i}^{c}}$$where *μ* ~*i*~ ^*c*^ is the mean and *σ* ~*i*~ ^*c*^ is the standard deviation of cold-temperature index measured during the cold periods in 2000--2008.

This study estimated cumulative relative risk (RR) and the 95% confidence interval (CI) from lag 0 to lag 25 for temperature--mortality associations and from lag 0 to lag 7 for temperature--outpatient visit associations using the distributed lag non-linear model (DLNM) ([@bb0075]). The model for expected deaths and number of outpatient visits at day (*t*) in each area (*c*) is:$$\begin{matrix}
{\operatorname{Log}Ε\left\lbrack Y_{t}^{c} \right\rbrack = {\sum\limits_{t = 0}^{5}{AP_{j,t}^{c}}} + {\sum\limits_{t = 0}^{25\ {or}\ 7}{\mathit{NS}\left( {X_{i,t}^{c}\ {or}\ Z_{i,t}^{c},5;\operatorname{lag},3} \right)}} + \mathit{Fl}u_{t}^{c}} \\
{+ \mathit{NS}\left( {\mathit{time},3} \right) + \mathit{Year} + \mathit{Holiday} + \mathit{Dow}} \\
\end{matrix}$$where *Y* ~*t*~ ^*c*^ is expected deaths/number of outpatient visits for area c on day *t*. A linear relationship was assumed between number of deaths/outpatient visits and air pollutants---PM~10~, O~3~, and NO~2~---with zero thresholds and a maximum 5-day lag; *AP* ~*j*,*t*~ ^*c*^ represents air pollutants (*j*  = 1--3 for PM~10~, O~3~, and NO~2~) for area c on day *t* and *NS*(*X* ~*i*,*t*~ ^*c*^  or  *Z* ~*i*,*t*~ ^*c*^,5; lag,3) are natural cubic splines of measurements or Z-values for each cold-temperature index *i*  = 1--8, and the lag space was set as natural cubic splines function as well. This study set 5 degrees of freedom (*df*) for cold-temperature indices and Z-values, and the cold effect was accumulated for 26 days (lag 0 to lag 25) for mortality and for 8 days (lag 0 to 7) for number of outpatient visits under 4 and 3 *df* lag space, respectively. The smoother time term (*time*) was set at 3 *df* per cold period. Moreover, year was treated as an additional categorical variable in models to control for annual variation in number of deaths or outpatient visits (*e.g.*, sudden drop in number of outpatient visits due to the outbreak of severe acute respiratory syndrome in 2003). Other covariates, such as number of daily deaths and outpatient visits for pneumonia and influenza (*Flu* ~*t*~ ^*c*^, ICD9 and ICD9 CM codes 480--487), public holiday and day of the week were also adjusted in the models. The Akaike information criterion (AIC) ([@bb0005]) was adopted for the comparison among models. A lower AIC value indicates a better model fit.

The cold-temperature index varies; it would be unable to estimate the risk of ambient temperature using the same measurement for these 8 cold-temperature indices. Therefore, the cumulative RRs of cause-specific mortality and outpatient visits were estimated by comparing the risk associated with the standardized values (Z) of − 1 and − 2 (*i.e.*, at the 15.9th and 2.3th percentiles, respectively) with that at Z of 0 or 1 (*i.e.*, the 50th and 84.1th percentiles of average temperature in the study cold periods) for each cold-temperature index (the centered values in DLNMs). This method was similar to that used in a previous work to estimate the relative risk of six temperature indices at the 5th percentile ([@bb0080]). Data manipulation and all statistical analyses were performed using SAS version 9.1 (SAS Institute, Inc., Cary, NC, USA) and Statistical Environment R 2.12.

3. Results {#s0030}
==========

3.1. Basic environmental and climatic characteristics for study areas {#s0035}
---------------------------------------------------------------------

[Table 2](#t0010){ref-type="table"} summarizes the characteristics of climatic factors and air pollutants in the study areas during November and April in 2000--2008. Average temperature was lower in Northern Taiwan (18.7 °C in Taipei) than in Southern Taiwan (22.7 °C) during the cold period. Average RH across three study areas was approximately 75%, and WS was 0.5--10.6 m/s. Pearson\'s correlation coefficients measured among these 8 cold-temperature indices were all higher than 0.94 (data not shown). The ambient concentrations of PM~10~ and O~3~ were the highest in Southern Taiwan. The Taipei metropolitan area had wider ranges in cold-temperature index values than other areas. Southern Taiwan had higher cold-temperature index values than other areas.Table 2Characteristics of temperatures and air pollutants among study areas during November--April in 2000--2008.CovariateMinQ1Q2Q3MaxMeanS.D.Taipei Tavg.7.8716.318.921.128.218.73.73 Tmax.8.8319.022.325.634.322.24.70 Tmin.4.0713.716.018.424.716.03.49 THI8.1016.018.320.326.218.23.30 WCI6.5316.319.422.230.419.24.46 AT5.6515.318.621.731.118.64.80 ET7.9415.718.120.226.217.93.38 NET− 0.319.7413.016.124.512.94.78 PM~10~, μg/m^3^12.333.349.069.622254.026.9 NO~2~, ppb9.5318.822.728.867.124.57.82 O~3~ of 24 h, ppb6.2121.026.131.955.526.78.04 Relative humidity, %51.772.379.385.398.578.48.96 Water pressure, hPa7.0014.317.119.828.517.24.20 Wind speed, m/s0.571.752.433.105.132.460.89Central Taiwan Tavg.8.5017.019.422.028.219.53.61 Tmax.9.4021.023.826.533.423.64.02 Tmin.6.2513.916.319.024.916.43.59 THI8.8916.618.821.026.318.83.18 WCI5.8716.919.923.030.319.84.51 AT4.5515.318.722.330.618.75.08 ET8.5816.418.520.926.318.63.29 NET− 3.539.2712.816.523.812.75.15 PM~10~, μg/m^3^14.555.174.696.422778.030.4 NO~2~, ppb8.4719.223.127.352.423.56.04 O~3~ of 24 h, ppb3.9019.424.029.256.124.78.09 Relative humidity, %45.571.576.581.097.075.97.74 Water pressure, hPa6.5514.617.220.328.817.54.32 Wind speed, m/s0.502.403.404.6010.63.571.43Southern Taiwan Tavg.13.220.822.824.828.822.72.85 Tmax.15.024.826.829.033.226.63.11 Tmin.9.5517.719.922.026.419.72.93 THI13.419.821.523.327.321.42.53 WCI12.021.523.926.431.123.73.50 AT10.020.022.925.931.922.84.15 ET12.719.521.323.227.321.22.64 NET4.1414.317.019.724.916.83.95 PM~10~, μg/m^3^16.680.510112121210131.2 NO~2~, ppb8.9920.825.129.244.324.95.98 O~3~ of 24 h, ppb2.5922.630.137.566.730.010.8 Relative humidity, %50.068.071.575.094.071.25.73 Water pressure, hPa9.3516.819.823.031.919.94.17 Wind speed, m/s1.052.303.003.856.903.171.10[^1]

3.2. Associations between cold-temperature indices and all-cause mortality/outpatient visits at a 5-day lag {#s0040}
-----------------------------------------------------------------------------------------------------------

Lag effects on death could last for several days after exposure to the cold. The strongest association between temperature and all-cause mortality has been estimated at approximately 4--5 lag days in Taiwan. [Fig. 1](#f0005){ref-type="fig"}a presents the associations between all-cause mortality and cold-temperature indices using LOESS at a 5-day lag. Generally, the larger variance existed when the original cold-temperature indices were used. However, the variation patterns of regression lines were alike in the association between standardized Z values and daily deaths, within the range of ± 2 standard deviation. Total deaths increased as cold-temperature index values decreased during the cold period. [Fig. 1](#f0005){ref-type="fig"}b shows the temperature-all-cause outpatient visit associations revealed by LOESS at a lag of 5 days. The extremely low temperature (Z \< − 2) was also associated with an increased number of all-cause outpatient visits; however, the risk varied slightly with cold-temperature indices.Fig. 1Locally weighted least square regression smoother (LOESS) between (a) all-cause mortality and (b) outpatient visits and (standardized) cold-temperature indices at lag 5 days.

3.3. Associations between cold-temperature indices and mortality/morbidity for cardiopulmonary diseases at a 5-day lag {#s0045}
----------------------------------------------------------------------------------------------------------------------

The temperature--health associations varied with the type of health outcome and the applied cold-temperature indices ([Supplementary Fig. 1](#ec0010){ref-type="supplementary-material"}). [Fig. 2](#f0010){ref-type="fig"} displays the associations between standardized values of cold-temperature index and cause-specific mortality and number of outpatient visits. Mortality from circulatory diseases and number of outpatient visits for respiratory diseases were negatively associated with temperatures in a linear trend. These patterns were similar to the association between temperatures and all-cause mortality. Conversely, this study observed a slightly increased death from respiratory diseases and outpatient visits for circulatory diseases under extremely cold temperatures (*i.e.*, Z \< − 2). The associations between health outcomes and standardized cold-temperature indices were consistent among all study areas.Fig. 2Locally weighted least square regression smoother (LOESS) between (a) mortality from and (b) outpatient visits of circulatory diseases and respiratory diseases and standardized cold-temperature indices at lag 5 days.

3.4. Cumulative relative risk for all-cause mortality/morbidity {#s0050}
---------------------------------------------------------------

[Table 3](#t0015){ref-type="table"} shows the relative risk of all-cause mortality associated with the 8 cold-temperature indices at − 1 SD and − 2 SD of the temperatures. Based on the selection criteria of lower AIC values, average temperature and ET were the two best cold-temperature indices for associating with all-cause mortality in the three areas ([Table 3](#t0015){ref-type="table"}). However, the AIC values measured in these models were similar. [Fig. 2.](#ec0015){ref-type="supplementary-material"}, [Fig. 3.](#ec0020){ref-type="supplementary-material"}, [Fig. 4.](#ec0025){ref-type="supplementary-material"} show cumulative 26-day relatively risk of all-cause mortality associated with the original measured cold-temperature indices and their standardized values by area. The lowest mortality risks were observed at Z = 1 (*i.e.*, the 84.1th percentile of average temperature in the cold periods), which was set as baseline value in DLNMs for the study areas ([Fig. 2.](#ec0015){ref-type="supplementary-material"}, [Fig. 3.](#ec0020){ref-type="supplementary-material"}, [Fig. 4.](#ec0025){ref-type="supplementary-material"}). The cumulative RRs of all-cause mortality had 24%, 17%, and 23% of significant increases in Taipei, Central Taiwan, and Southern Taiwan, respectively, at the average temperature of Z = − 1 (*i.e.*, the 15.9th percentile of average temperature in the cold periods). At the average temperature of Z = − 2 (*i.e.*, the 2.3th percentile of average temperature in the cold periods), the corresponding cumulative RRs increases were 41%, 35%, and 27%, respectively. The overall risk estimates were similar as these eight cold-temperature indices were at Z = − 1; however, these risks varied at Z = − 2.Table 3Relative risks for cold-temperature indices associated with all-cause mortality by distributed lag non-linear model (DLNM).Area/cold-temperature indexReference cold-temperature index\*Relative risk (95% CI)\*\*AICat − 1 S.D.at − 2 S.D.Taipei Tavg.251.24 (1.14--1.36)1.41 (1.28--1.55)11778 Tmax.291.21 (1.10--1.33)1.40 (1.25--1.55)11795 Tmin.241.20 (1.10--1.31)1.27 (1.16--1.40)11794 THI231.26 (1.16--1.31)1.44 (1.30--1.59)11780 WCI251.25 (1.14--1.37)1.44 (1.30--1.60)11781 AT251.32 (1.20--1.45)1.51 (1.35--1.70)11784 ET221.27 (1.16--1.39)1.45 (1.31--1.60)11780 NET181.33 (1.21--1.46)1.57 (1.40--1.77)11787Central Taiwan Tavg.241.17 (1.07--1.28)1.35 (1.22--1.50)11369 Tmax.271.11 (1.01--1.22)1.25 (1.12--1.38)11377 Tmin.211.19 (1.10--1.30)1.35 (1.22--1.50)11374 THI231.16 (1.06--1.27)1.35 (1.22--1.50)11371 WCI251.16 (1.05--1.27)1.34 (1.21--1.48)11372 AT251.14 (1.04--1.26)1.37 (1.22--1.53)11377 ET231.16 (1.06--1.27)1.35 (1.22--1.50)11370 1NET191.12 (1.02--1.24)1.32 (1.19--1.47)11376Southern Taiwan Tavg.261.23 (1.12--1.35)1.27 (1.15--1.41)11310 Tmax.301.23 (1.12--1.36)1.28 (1.14--1.43)11315 Tmin.241.19 (1.10--1.30)1.27 (1.15--1.41)11314 THI251.21 (1.10--1.33)1.27 (1.15--1.40)11308 WCI281.22 (1.11--1.34)1.27 (1.15--1.41)11310 AT281.18 (1.07--1.30)1.27 (1.14--1.42)11309 ET251.21 (1.10--1.33)1.27 (1.15--1.41)11307 NET211.20 (1.09--1.32)1.27 (1.15--1.41)11311[^2][^3]

The associations measured between the 8 cold-temperature indices and all-cause outpatient visits showed a larger variance, compared with that measured between cold-temperature indices and mortality ([Table 4](#t0020){ref-type="table"} ). The THI and average temperature were better predictors for all-cause outpatient visits based on their lower AIC values. The lowest risk for outpatient visits was when the temperature indices at Z = 0 or 1 were used as the reference values ([Fig. 5.](#ec0030){ref-type="supplementary-material"}, [Fig. 6.](#ec0035){ref-type="supplementary-material"}, [Fig. 7.](#ec0040){ref-type="supplementary-material"}). At Z = − 1, the cumulative 8-day RRs of all-cause outpatient visits would have approximately 7%, 3%, and 2% increases in Taipei, Central Taiwan, and Southern Taiwan, respectively. However, when average temperature was at Z = − 2, the cumulative RRs of outpatient visits were not statistically significant.Table 4Relative risks for cold-temperature indices associated with all-cause outpatient visits by distributed lag non-linear model (DLNM).Area/cold-temperature indexReference cold-temperature index\*Relative risk (95% CI)\*\*AICat − 1 S.D.at − 2 S.D.Taipei Tavg.231.07 (1.07--1.07)0.97 (0.97--0.98)474126 Tmax.241.02 (1.01--1.02)0.92 (0.91--0.92)473591 Tmin.41.02 (1.02--1.03)1.01 (1.00--1.01)475893 THI221.07 (1.07--1.08)0.98 (0.97--0.98)473905 WCI251.08 (1.07--1.08)0.97 (0.97--0.98)475594 AT251.07 (1.07--1.08)0.98 (0.97--0.98)475673 ET221.07 (1.07--1.08)0.99 (0.98--0.99)476462 NET181.06 (1.05--1.06)0.98 (0.97--0.99)479716Central Taiwan Tavg.181.03 (1.03--1.04)0.97 (0.97--0.98)294469 Tmax.221.00 (0.99--1.00)0.95 (0.95--0.96)296595 Tmin.201.01 (1.01--1.02)1.02 (1.02--1.03)296673 THI181.04 (1.03--1.04)0.97 (0.97--0.98)294370 WCI191.04 (1.03--1.04)0.98 (0.97--0.98)294503 AT181.04 (1.03--1.04)0.98 (0.97--0.98)295269 ET231.04 (1.03--1.05)0.98 (0.98--0.99)295626 NET191.04 (1.04--1.05)0.98 (0.98--0.99)296493Southern Taiwan Tavg.251.02 (1.02--1.03)1.02 (1.01--1.02)222413 Tmax.291.02 (1.01--1.02)1.01 (1.01--1.02)223067 Tmin.221.02 (1.01--1.02)1.04 (1.04--1.05)223554 THI231.02 (1.01--1.02)1.02 (1.02--1.03)222480 WCI261.02 (1.01--1.03)1.02 (1.01--1.02)222539 AT261.01 (1.01--1.02)1.03 (1.02--1.03)223396 ET251.02 (1.01--1.03)1.03 (1.02--1.03)224055 NET211.01 (1.01--1.02)1.02 (1.01--1.03)224668[^4][^5]

3.5. Cumulative relative risk for cause-specific mortality/morbidity {#s0055}
--------------------------------------------------------------------

Supplementary Tables 1--2 list the cumulative RRs for mortality from, and outpatient visits of circulatory and respiratory diseases. The AIC values measured for area-specific cold-temperature indices associated with mortality from cardiopulmonary diseases were generally the same (Supplementary Table 1). All cold-temperature indices can be properly used to predict the association between mortality from cardiopulmonary and cold temperature, and average temperature may be the optimal cold-temperature index. Using the standardized temperature at Z = 1 with the lowest mortality as reference, the cumulative RRs for mortality from circulatory diseases increased significantly at the average temperatures of Z = − 1 and − 2 for 48% and 78% in Taipei, 36% and 61% in Central Taiwan, and 49% and 63% in Southern Taiwan, respectively. Cold had no effect on mortality from respiratory diseases.

Minimum temperature was the best to predict the association between cold temperatures and number of outpatient visits. The outpatient visits for respiratory diseases were associated with the extremely low temperatures at Z = − 2 (Supplementary Table 2), with cumulative RRs increased for 18% in Taipei, 25% in Central Taiwan, and 31% in Southern Taiwan, compared with reference set at Z = 1. Cumulative RRs for outpatient visits for circulatory diseases were higher at Z = − 1 than at Z = − 2. Extremely cold temperatures had no effect on outpatient visits for circulatory diseases.

3.6. Delayed effects of low temperature on all-cause mortality {#s0060}
--------------------------------------------------------------

Because of limited space, this study presents only the delayed effects of low temperature on all-cause mortality. [Fig. 8.](#ec0045){ref-type="supplementary-material"}, [Fig. 9.](#ec0050){ref-type="supplementary-material"}, [Fig. 10.](#ec0055){ref-type="supplementary-material"} show area-specific RR in different lags (left column) and cumulative RRs across lags (right column) for all-cause mortality associated with standardized values of average temperature, *i.e.* Z = 0, − 1, and − 2. RRs for all-cause mortality were generally peaked at lags 4--5. The prolonged adverse effect of low temperature lasted longer in Central Taiwan than in Taipei and Southern Taiwan, in which the cumulative RRs showed a plateau after 20-day and 10-day lags, respectively.

4. Discussion {#s0065}
=============

This is the first study to assess relationships between cold temperatures and mortality from and outpatient visits for all causes, circulatory diseases, and respiratory diseases using several common cold-temperature indices in Taiwan, which is located in subtropical Asia. Standardization of cold-temperature indices eliminated scale differences of indices, facilitating comparisons among models for the estimated risks. Average temperature is the optimal cold-temperature index in predicting all-cause and cause-specific mortalities. The optimal index for predicting cause-specific outpatient visits varied with disease type. The daily average temperature and composite ET are the best indices for associating all-cause outpatient visits. Minimum temperature is the best index for predicting the number of outpatient visits for respiratory diseases. All-cause mortality was found to have a negative association with temperature that increased by 17--24% when average temperature was at Z = − 1 and by 27--41% when average temperature was at Z = − 2 for the three study areas. The relative risk of all-cause outpatient visits increases slightly by 2--7% at Z = − 1; however, the risk is not significant at Z = − 2. Low temperatures have greater adverse effects on mortality from circulatory diseases and outpatient visits for respiratory diseases than on other health effects.

Previous studies demonstrated that the effects of cold may last for more than 21 days ([@bb0045], [@bb0275], [@bb0280]) because of mortality displacement. Xie et al. reported the lag risk of mortality associated with extreme cold event could last for up to 4 weeks for population in southeastern China ([@bb0280]); the cumulative RRs generally increase as the cumulative lag days increase in Guangzhou and Taishan, consistent with our findings ([Fig. 8.](#ec0045){ref-type="supplementary-material"}, [Fig. 9.](#ec0050){ref-type="supplementary-material"}, [Fig. 10.](#ec0055){ref-type="supplementary-material"}).

Health disorders associated with the extreme cold and extreme heat vary among study areas. High temperatures had greater adverse effects on mortality from all causes and cardiopulmonary diseases than cold temperatures in 15 European cities and Beijing ([@bb0025], [@bb0155]). However, a Canadian study concluded that residents experience a greater and longer lasting mortality risk from low temperatures than from high temperatures ([@bb0165]). In addition, [@bb0160] found that a cold spell exhibits a greater impact on hospital admissions than a heat wave in Shanghai ([@bb0160]). The European 15 cities in the PHEWE study and the 11 cities in eastern United States with warm climate have a large adverse effect on all-cause mortality when it is cold ([@bb0250], [@bb0010], [@bb0070]). In Taiwan, studies have also confirmed that low temperature causes greater impact on mortality in comparison with that of high temperature ([@bb0145], [@bb0270]).

The adverse health effect of temperature varies with temperature measurements, health outcomes, statistical modeling, and demographic factors ([@bb0040], [@bb0290]). Our study identified negative linear relationships between cold temperatures and mortality from all causes and circulatory diseases, in agreement with the findings in England and in other 15 European cities ([@bb0010], [@bb0135]). However, in Spain, the mortality risk is apparent only in extremely cold environments (*i.e.*, at temperatures lower than the 5th percentile) ([@bb0080]). Although a meta-analysis for 15 European cites indicated that the cold effect was strongest on mortality from respiratory diseases ([@bb0010]), findings obtained by this study are in agreement with results reported in South Korea, Europe, and the World Health Organization project --- Multinational MONItoring of trends and determinants in CArdiovascular disease (MONICA project). These studies indicated that low temperatures have greater adverse effects on mortality from cardiovascular disease than on mortality from respiratory diseases (1997; [@bb0030], [@bb0090], [@bb0115]).

Contradictorily, from the present study it appears that temperature may have a significant relationship with only outpatient visits for respiratory diseases in the 3 study areas and all causes in Southern Taiwan. Cold has no significant relation with outpatient visits of circulatory diseases at temperatures lower than the 5th percentile based on DLNMs. This finding is similar to that obtained by a Hong Kong study, indicating that the relationship between general practitioner consultations for respiratory disease and cold temperature was significant; however, no significant relationship exists between cardiovascular disease and cold temperature ([@bb0095]). The incidence and severity of respiratory infections increases when it is cold, leading to increased hospital admission ([@bb0190]). However, a Shanghai study found increased hospital admissions during cold spells for both cardiovascular and respiratory diseases ([@bb0160]). The type of disease and geographic and demographic factors may be attributed to the ecological difference.

Few studies have evaluated morbidity associated with cold temperatures in subtropical areas. Our findings provide useful understanding for cold effect. We recommend that additional studies should be conducted to clarify the relationship between temperature and morbidity in non-temperate countries.

Various temperature indices, including daily average temperature, minimum temperature, and other composite indices, have been used to assess the strength of the association between temperature and adverse health outcomes ([@bb0050], [@bb0080], [@bb0290]). However, no methodology has been standardized for the best prediction of the temperature-related health loss. The general population may easily appreciate a single temperature measurement, such as an average temperature, which can be easily measured by the public (1997; [@bb0145], [@bb0165]). Europe\'s PHEWE project adopted maximum 3-hourly apparent temperature (Tappmax) in association with the risks of mortality and hospital admission because Tappmax combines temperature and humidity that consider the effects of evaporation and perspiration in warm environment ([@bb0185]). Two studies found that WCI has been concluded as a better marker than other temperature measurements for estimating cold-related health outcomes in two studies ([@bb0050], [@bb0130]). [@bb0080]) found minimum temperature the most sensible measure among all single temperature measurements. However, they concluded that the risk patterns were very similar, regardless of which indicator was used ([@bb0080]). A study in Seoul found minor differences in the mortality risks among assessments using average temperatures, minimum temperatures, and the changes of temperatures between days ([@bb0090]). After adjusting for humidity, Anderson et al. failed to observe significant differences in temperature--mortality associations measured with metrics of average temperature, maximum temperature, and AT. [@bb0035] further suggested choosing a temperature indicator based on practical concerns for being able to use the integrated data. Our study suggests that average temperature and ET are two optimal cold-temperature indices for modeling the all-cause mortality relationship with cold temperature. For mortality from cardiopulmonary diseases, average temperature is consistently the optimal cold-temperature index for modeling. However, the optimal cold-temperature index varies with cause-specific outpatient visits. The THI and average temperature are better than the other cold-temperature indices in associating low temperatures with all-cause outpatient visits. For the relationship between cold temperature and respiratory outpatient visits, minimum temperature is the best index ([@bb0015], [@bb0035]).

This study did not evaluate how mortality and outpatient visits may be associated with RH and WS, which are regarded as important variables that could affect perceptions of temperature for exposed population. Some studies suggested RH and WS are worthy of further investigation in temperature-health association studies ([@bb0010], [@bb0185]). However, two studies reported no significant association between RH and mortality at low temperatures ([@bb0105], [@bb0215]). On the other hand, WS may enhance the cold effect with the accompaniment of strong winds ([@bb0125]). Because some composite cold-temperature indices have considered the effects of RH and WS, we could not observe whether health events are related to RH and WS in this study.

This study used population-based health insurance claims data and national vital statistics instead of individual medical records. Local weather data of the residential areas are used to link population health events instead of measuring individual\'s real exposure to the cold. Therefore, we were unable to evaluate the specific personal cold exposure and the specific health event responding to the cold. Furthermore, information on personal lifestyle, socioeconomic status, household heater use ([@bb0105]), and anthropometrical and biochemical measures that may confound temperature--health association are not available to this study.

5. Conclusions {#s0070}
==============

This study demonstrates that low temperatures are associated with elevated risk for mortality and outpatient visits. Risks for mortality from all causes and circulatory diseases increase as temperature decreases. Low temperatures have the greatest adverse association with outpatient visits for respiratory diseases. However, we found no significant association between cold temperatures and mortality from respiratory diseases and outpatient visits for circulatory diseases. Standardization of cold-temperature indices facilitates the evaluation of the relationship between various cold-temperature indices and health risks. This study suggests that average temperature and ET are the two best cold-temperature indices for modeling the low temperature--mortality relationship for population residing in the subtropical environment. The optimal cold-temperature index for predicting cause-specific outpatient visits varies among diseases. The THI and average temperature are optimal indices for modeling the relationship between low temperatures and all-cause outpatient visits. Minimum temperature is the best index for predicting outpatient visits for respiratory diseases.

The following are the supplementary data related to this article.Supplementary Tables Fig. 1.Locally weighted least square regression smoother (LOESS) between (a) mortality from and (b) outpatient visits of circulatory diseases and respiratory diseases and 8 types of temperature indices at lag 5 days. Fig. 2.Cumulative 26-days (lag 0 to lag 25 days) relative risk for all-cause mortality associated with (standardized) temperature indices in Taipei. Relative risks were estimated using DLNM that included daily city-specific averages of PM10, NO2, and O3, daily mortality from pneumonia and influenza, holiday effects, day of the week, and long-term trends. Fig. 3.Cumulative 26-days (lag 0 to lag 25 days) relative risk for all-cause mortality associated with (standardized) temperature indices in Central Taiwan. Relative risks were estimated using DLNM that included daily city-specific averages of PM10, NO2, O3, and daily mortality from pneumonia and influenza, holiday effects, day of the week, and long-term trends. Fig. 4.Cumulative 26-days (lag 0 to lag 25 days) relative risk for all-cause mortality associated with (standardized) temperature indices in Southern Taiwan. Relative risks were estimated using DLNM that included daily city-specific averages of PM10, NO2, and O3, daily mortality from pneumonia and influenza, holiday effects, day of the week, and long-term trends. Fig. 5.Cumulative 8-days (lag 0 to lag 7 days) relative risk for all-cause outpatient visits associated with (standardized) temperature indices in Taipei. Relative risks were estimated using DLNM that included daily city-specific averages of PM10, NO2, and O3, daily outpatient visits of pneumonia and influenza, holiday effects, day of the week, and long-term trends. Fig. 6.Cumulative 8-days (lag 0 to lag 7 days) relative risk for all-cause outpatient visits associated with (standardized) temperature indices in Central Taiwan. Relative risks were estimated using DLNM that included daily city-specific averages of PM10, NO2, and O3, daily outpatient visits of pneumonia and influenza, holiday effects, day of the week, and long-term trends. Fig. 7.Cumulative 8-days (lag 0 to lag 7 days) relative risk for all-cause outpatient visits associated with (standardized) temperature indices in Southern Taiwan. Relative risks were estimated using DLNM that included daily city-specific averages of PM10, NO2, and O3, daily outpatient visits of pneumonia and influenza, holiday effects, day of the week, and long-term trends. Fig. 8.Associations between all-cause mortality and standardized values (Z) of daily average temperature in Taipei during 2000--2008. Left column: RR of all-cause mortality associated with Z equals to 0 (top row) or − 1 (middle row) or − 2 (bottom row) compared to a centered value Z = 1 on lag 0 to lag 25. Right column: Cumulative RRs for all-cause mortality that were estimated using DLNM and a centered value Z = 1 across lags. Fig. 9.Associations between all-cause mortality and standardized values (Z) of daily average temperature in Central Taiwan during 2000--2008. Left column: RR of all-cause mortality associated with Z equals to 0 (top row) or − 1 (middle row) or − 2 (bottom row) compared to a centered value Z = 1 on lag 0 to lag 25. Right column: Cumulative RRs for all-cause mortality that were estimated using DLNM and a centered value Z = 1 across lags. Fig. 10.Associations between all-cause mortality and standardized values (Z) of daily average temperature in Southern Taiwan during 2000--2008. Left column: RR of all-cause mortality associated with Z equals to 0 (top row) or − 1 (middle row) or − 2 (bottom row) compared to a centered value Z = 1 on lag 0 to lag 25. Right column: Cumulative RRs for all-cause mortality that were estimated using DLNM and a centered value Z = 1 across lags.
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[^1]: Note: Tavg.: daily average temperature; Tmax.: daily maximum temperature; Tmin.: daily minimum temperature; THI: temperature humidity index; WCI: wind chill index; AT: apparent temperature; S.D.: standard deviation.

[^2]: Note: Tavg.: daily average temperature; Tmax.: daily maximum temperature; Tmin.: daily minimum temperature; THI: temperature humidity index; WCI: wind chill index; AT: apparent temperature; ET: effective temperature; NET: net effective temperature.

[^3]: \*Cold-temperature index value with lowest mortality risk in DLNMs (subfigures of temperature indices in Supplementary Figs. 2--4); \*\* Cumulative 26-day risk estimated based on reference equals to Z = 1 in study area (subfigures of standardized values in Supplementary Figs. 2--4); S.D.: standard deviation; AIC represents Akaike\'s information criterion values.

[^4]: Note: Tavg.: daily average temperature; Tmax.: daily maximum temperature; Tmin.: daily minimum temperature; THI: temperature humidity index; WCI: wind chill index; AT: apparent temperature; ET: effective temperature; NET: net effective temperature.

[^5]: \*Cold-temperature index value with lowest outpatient visits risk in DLNMs (subfigures of temperature indices in Supplementary Figs. 5--7);\*\* Cumulative 8-day risk estimated based on reference equals to Z = 1 in study area (subfigures of standardized values in Supplementary Figs. 5--7); S.D.: standard deviation; AIC represents Akaike\'s information criterion values.
